A great deal of empirical studies have investigated the characteristics of terrestrial refraction. However, only few of these are concerned with short-term fluctuations of refraction influences. The aim of the present work is to analyse the short-term characteristics (amplitudes and variations at scales of minutes to hours) of terrestrial refraction in the lower atmosphere around 1.8 m above grass surface. We apply the known method of simultaneous reciprocal vertical angle measurements to derive time series of the refraction coefficient k as a measure for refraction. Our study uses a new set-up of two pairs of total stations for parallel observations of the refraction coefficient along adjacent lines of sight. Such a controlled experiment not only allows the determination of refraction coefficients independently, but also to assess measurement errors from the residuals between refraction coefficient pairs. Over five observation days in summer 2008, a total of 33 hours of parallel observation data of the refraction coefficient were collected at sampling frequencies of 1 min. On one observation day, unique parallel observations of the refraction coefficient along three lines of sight with a total of six total stations were possible. For mostly sunny days, we found wave-like and saw-tooth-like fluctuations of the refraction coefficient with amplitudes of 1-1.5 at time scales of 10-30 min. On cloudy days, the amplitudes of fluctuations were on the order of 0.5. Our refraction experiments show a variation range of k between -4 and +16 near the ground on sunny summer days. This equates to vertical temperature gradients between -0.5 K/m and -0.1 K/m during the day and 1-2 K/m shortly after sunset. Cloud cover reduces the variability of k to a range of -2 to +5. Our results show that the frequently used Gaussian refraction coefficient of +0.13 is not suited for describing refraction effects in the lower atmosphere. As a conclusion, our results may be helpful to better assess the role of refraction in near-ground precision surveys, such as geometric levelling or trigonometric heighting.
Introduction
The term atmospheric refraction denotes the effects of the atmosphere on the geometry (curvature) of the path and the velocity of electromagnetic waves. Atmospheric refraction is caused by variations in the refractive index along the path of light, which depend on the physical state of the atmosphere [e.g. Torge, 2001] . Different categories are used in the literature to describe the curvature effects of the atmosphere on a path of light between an observer and target [cf. Thomas and Joseph, 1996] . The term astronomical refraction is used to describe the ray-bending effects for the case when the observer (e.g., with a telescope) is inside Earth's atmosphere and the target (e.g., star or planet) is outside [Young, 2006] . Opposed to this, terrestrial refraction denotes cases where both the observer and target are inside the Earth's atmosphere [e.g., Brocks 1939; Hübner, 1977] . If the path of light travels through the lower atmosphere (i.e. commonly found with near-ground geodetic measurements), terrestrial refraction is also called geodesic refraction, cf. Thomas and Joseph [1996] or levelling refraction [e.g., Holdahl, 1981] . The present paper is concerned with terrestrial refraction in the lower atmosphere.
In geodesy, the coefficient of refraction k represents a common way to quantify terrestrial refraction. It may be defined as the ratio of the radius of the Earth R and the radius of line-of-sight r, i.e. the radius of a circular arc used as mathematical model to approximate a complex curved path of light [e.g., Brocks, 1950a; Kahmen and Faig, 1988] . Based on reciprocal vertical angle measurements near Hannover (Germany), Carl Friedrich Gauss found an average value of the refraction coefficient k of approximately +0.13 [e.g., Brunner, 1984] . The Gaussian value of k is well known to the surveyor as a frequently used standard value of terrestrial refraction.
The Gaussian refraction coefficient, though often suitable to describe refraction effects well above the ground, is not representative for the lower atmosphere [e.g., Brocks 1950a [e.g., Brocks , 1950b Bomford, 1980] . This region involves the surface layers to a height of about 30 m [Webb, 1984] and, importantly, includes the near-ground domain in which optical geodetic measurements are often carried out (e.g., geometric levelling in general and trigonometrical heighting in flatter regions). Here, the temperature of the air strata, particularly its vertical temperature gradient, is strongly influenced by daily variations in the surface temperature. This may result in either negative and positive values of the refraction coefficient k near the ground with differences to the Gaussian value as large as two orders of magnitude [e.g., Brocks, 1950a [e.g., Brocks, , 1950b Hübner, 1977; Eschelbach, 2009] .
Most past empirical works concerned with investigation of terrestrial refraction [e.g., Angus-Leppan, 1968; Hübner, 1977; Kharaghani, 1987, cf . section 2 for a more detailed review] are either based on temperature gradient measurements or visually performed vertical angle measurements which were taken at rates of say 1 or 2 observations per hour, or even less. Such sampling rates do not provide insight into the short-term fluctuations (i.e., the variations at time scales of minutes) of the refraction coefficient. By now, only a few studies relate to short-term fluctuations of terrestrial refraction. For example, time series of continuous vertical temperature gradients [direct, e.g., Hennes, 2006, and indirect, e.g., Flach, 2001] have been published which could be used for analysis of short-term variations in the refraction coefficient. Kabashi [2003] derived high-resolution time series of the refraction coefficient over water from automated zenith angle measurements with video theodolites. However, short-term fluctuations of the refraction coefficient in the lower atmosphere over various types of terrain like grass, gravel or bitumen are not addressed much in the recent literature.
The aim of the present work is to analyse the time behaviour of the refraction coefficient under different weather conditions over grass surface at about 1.8 m height. Such conditions are fairly representative for many geodetic measurements near the ground. We apply the method of simultaneous reciprocal vertical angle measurements (section 3) using high-precision motorized tachymeters with automatic target recognition modules, at high sampling frequencies of 1 observation per minute (section 4). Our study focuses on the fluctuations of the refraction coefficient at time scales of few minutes to hours and examines the variation range in the course of the day. Very short-periodic fluctuations (at scales below 1 min) are not addressed here.
We deployed a controlled set-up of two pairs of total stations observing the refraction coefficient along two adjacent lines of sight. Over five observation days in summer 2008, a total of 33 hours of parallel observation data of the refraction coefficient were collected. On one observation day, unique parallel observations of the refraction coefficient along three lines of sight with a total of six tachymeters were possible (section 5). On the one hand, the parallel and synchronized use of two (or even three) pairs of total station allows us to determine the refraction coefficient independently; on the other hand measurement errors may be assessed from the residuals between refraction coefficient pairs by assuming very similar refraction influences along adjacent lines of sight (section 6).
The importance of refraction research is related to the fact that atmospheric refraction is a main source of error in many geodetic measurements [e.g., Hennes, 2002 , Ingensand, 2008 . Refraction research not only aims at measuring and modelling of refraction influences, but also contributes to a better understanding of physical processes such as temperature distribution and heat transfer in the atmosphere [e.g., Geiger et al., 2009] . Atmospheric refraction, expressed in our study in terms of the refraction coefficient is undoubtedly a key physical effect which is of interest to meteorologists and geodesists. Based on controlled experiments, the present study offers new knowledge on the amplitudes and variability of refraction near the ground. Our experiments yield refraction coefficients which are related to (integral) vertical temperature gradients. These are important parameter to characterize the physical state of atmospheric air strata, allowing interpretation of heat transfer effects near the ground (section 6).
Further to studies dealing with analysis of the characteristics of the refraction coefficient (section 2), past refraction research placed a focus on the development of methods for the correction of refraction effects using temperature gradient measurements, turbulence measurements or dual-wavelength instrumentation [for a description and a review of these methods see, e.g., Brunner, 1984; Böckem et al., 2000; Weiss et al., 2001; Ingensand, 2008] . The present study is concerned with investigating refraction of the lower atmosphere in the vertical direction. For an analysis of atmospheric refraction in the horizontal direction (aka lateral refraction), which is relevant to high-precision direction measurements, we refer to, e.g., Korritke [1992] , and Wilhelm [1994] .
Fundamentals and past studies
For a better understanding of refraction effects in the lower and higher atmosphere and the results of our study, some selected aspects of terrestrial refraction will be dealt with first. These include the definition of the refraction coefficient and its relationship to the vertical temperature gradient as well as typical characteristics of terrestrial refraction in different parts of the atmosphere, presented here with some simplifications. We follow a frequently used model concept that subdivides the atmosphere into three different regions, i.e. the higher, intermediate and lower atmosphere [Brocks, 1948; Wunderlich, 1985] .
Without claiming completeness, an overview of past works concerned with refraction coefficient determinations is given, in order to exemplify typical magnitudes of the refraction coefficient. The mathematical relations among the refractive index and ray-bending effects are omitted; instead we refer to the literature [e.g., Jordan et al., 1956, p. 410 ff; Bomford, 1980, p. 234 ff; Torge, 2001, p. 119 ff] . The examples compiled next will demonstrate on the one hand the variety of parameters (e.g., weather, ground clearance, type of terrain) which the refraction coefficient depends on. On the other hand, they will illustrate the possible variation range of the refraction coefficient encountered in practice.
Coefficient of refraction
This study uses the coefficient of refraction k defined as ratio between the radius of the Earth R and radius of the line-of-sight r [e.g., Brocks, 1950a; Kahmen and Faig, 1988; Schofield and Breach, 2007] :
This definition is based on a circular arc used to model the often irregularly curved path of light [Kahmen and Faig, 1988] . For the Gaussian refraction coefficient k of +0. 13 [e.g., Brunner, 1984] and a mean Earth radius R = 6370 km, the average refraction radius of the circular path of light is about 49,000 km. The positive sign of the refraction coefficient indicates a convex shape of the ray of light, i.e. it follows the Earth's curvature. In the literature [e.g., Bomford, 1980] , sometimes a second definition for the refraction coefficient is found, that is not based on the ratio of radii but on the ratio between the geocentric angle and the refraction angle. This second definition is not used here.
An essential finding of past research efforts is that the refraction coefficient k and vertical temperature gradient are directly related to each other [e.g., Brocks, 1939] . The refraction coefficient of a particular point, in the literature commonly referred to as local refraction coefficient and denoted with χ, is connected to the vertical temperature gradient ∂T/∂z [K/m] using [e.g., Bahnert, 1987; Joeckel et al., 2008] :
where p is the pressure [HPa] and T temperature [° K]. The local refraction coefficient χ is essentially a function of the temperature gradient ∂T/∂z, and depends only slightly on pressure p and temperature T [Wunderlich, 1985] . Temperature gradients allow modelling and reducing vertical refraction influences in surveying [e.g., Brocks, 1939; Heer and Niemeier, 1985; Kharaghani, 1987; Hennes , 2002; Ingensand, 2008] .
Refraction and temperature gradient of the intermediate and higher atmosphere
For the higher atmosphere, some 100 m above the ground and higher, the vertical temperature gradient is fairly independent of the temperature of Earth's surface. The vertical temperature gradient ∂T/∂z is about -0.006 K/m, i.e., a temperature decrease of 6 K per km height difference [Bomford, 1980; Torge 2001] 
Refraction and temperature gradient of the lower atmosphere
In contrast to the higher and intermediate atmosphere, the thermal characteristics of the air strata of the lower atmosphere (lowest 20-30 m) are strongly subjected to the varying thermal properties of the surface [e.g., AngusLeppan, 1968] . In essence, two processes of heat transfer govern the temperature gradients occurring in this region [e.g., Kukkamäki 1979 , Geiger et al., 2009 (1) Over the day, sun radiation is being absorbed by Earth's surface. The warm terrain, in turn, heats up the lowest atmospheric layers, resulting in negative vertical temperature gradients, and turbulent motions of air (convection), which are known to the geodetic practitioner as image dancing or scintillation. For example, a gradient ∂T/∂z = -0.5 K/m, derived from practical temperature measurements by Hennes [2006] , translates to a local refraction coefficient χ = -2.9 [equation 2]. Compared to the Gaussian value of +0.13, this describes not only a stronger, but also a concave curvature of the path of light, i.e. opposite to Earth's curvature.
(2) In the evening, the Earth's surface normally cools off, faster than the overlaying air strata. Usually, this results in strong positive gradients ∂T/∂z [Angus- Leppan, 1968] . Cloud cover attenuates the heat transfer from the sun and, hence, from the ground, thus leading to smaller absolute values of the temperature gradients and refraction effects in the course of a day.
Refraction in 1-3 m height
Brocks [1950b] used sets of temperature measurements for computing vertical temperature gradients at different heights and converted these to local refraction coefficients. For ground clearances of 1-3 m, he showed that the refraction coefficients may exhibit extreme values between -3.5 and +3.5. Angus- Leppan [1968] utilized temperature gradient measurements as well as a special reciprocal levelling set-up for refraction studies, yielding refraction coefficients between -0.5 to -4 over grass and bitumen surfaces. Hübner [1977] deployed a laser beam set-up to show refraction coefficients varying between -4 and +6 for a height of 1.5 m above sunny grass surfaces. By means of temperature measurements, Kharaghani [1987] obtained temperature gradients varying between -0.4 K/m and +0.2 K/m in 1.5 m height over different surface types, corresponding to refraction coefficients roughly between -2 and +1. These past studies indicate extreme values of the refraction coefficient of -4 and +6 for ground clearances that are typical for near-ground surveying.
Refraction below 1 m height
Brocks [1950b] demonstrated that refraction effects in the lower atmosphere generally multiply with decreasing height. This is because heat transition from the Earth surface is the stronger, the less distant the atmospheric layers are. Therefore, the largest absolute values of temperature gradients are to be expected immediately above the ground. Based on temperature measurements, Brocks [1950b] computed possible variations of the refraction coefficient between -47 and +20 directly above the ground. Close to the ground in 50 cm height, refraction coefficients were observed to range between -8 and +16 on sunny days, cf. Hübner [1977] . Kharanghani [1987] showed extreme values of refraction coefficients of about -6 to -10 at heights of a few tenths of a metre above the ground. In geodetic practice, however, ground clearances of 50 cm and less are generally avoided.
Refraction over ice and water
Further studies are concerned with the analysis of refraction over ice and water. Both surfaces significantly differ from vegetated ground in terms of their thermal storage properties, usually resulting in an amplification of refraction effects. Stober [1995] determined refraction coefficients between 0 and +2 from vertical angle measurements for ground clearances between 0.5 m and 4 m over an ice-field in Greenland. Angus-Leppan [1968] used reciprocal levelling to measure refraction coefficients in Alaska. He reported a variation of k over ice between -14 and +10 for line of sights 1.6 m above the surface. Kabashi [2003] obtained refraction coefficients from +1 to +18 from reciprocal vertical angles for a line of sight about 5 m over water.
Methodology

Mathematical model
The method of simultaneous reciprocal vertical angle measurements is described in the literature by various authors, e.g., Jordan et al. [1956] , Bomford [1980] , Kahmen and Faig [1988] , Schofield and Breach [2007] , and Tsoulis et al., [2008] . The main application of reciprocal vertical angle measurements is the determination of height differences [e.g., Hirt et al., 2008] , whereby the refraction coefficient k is obtained as a by-product. With vertical angle measurements z 1 and z 2 [°] taken at the endpoints P 1 and P 2 by means of total stations (tachymeters), the refraction coefficient is computed from [Bahnert, 1986a; Kahmen and Faig, 1988] :
with R the radius of the Earth and S the distance between P 1 and P 2 (Figure 1 ). Importantly, k derived from reciprocal vertical angle measurements is a mean value along the sight between P 1 and P 2 and does not refer to a particular point. In order to contrast local refraction coefficients χ from temperature gradients, the term effective refraction coefficient is sometimes used to denote k-values from reciprocal sights [e.g., Bahnert, 1986a; Joeckel et al., 2008] . Equation 3 is based on the assumption of a symmetrical path of light which is approximately fulfilled when the terrain profile and atmospheric conditions between P 1 and P 2 are fairly uniform [Kahmen and Haig, 1988] . A second underlying assumption in equation (3) is circularity of the path of light. This strictly holds only for the vertical temperature gradient ∂T/∂z of -0.0171 K/m [Wunderlich, 1985] . Here we stay consistent with previous works on refraction analysis by using equation (3), thus assuming a circular arc as a geometrical model for the refracted path of light. The rigorous analysis of the actual geometry of the refracted path of light as a function of the temperature gradient is beyond the scope of this study.
Equation (3) is valid for horizontal sightings; the mathematical relations for inclined terrain are given by, e.g., Wunderlich [1985] and Tsoulis et al., [2008] . We acknowledge that the derivation of equation (3) is based on some approximations while an exact algebraic solution has been derived in Tsoulis et al. [2008] . According to this reference, the difference between the approximate equation (3) and the exact algebraic solution is zero for horizontal sights. This is the case with our field experiments.
Error analysis
Bahnert [1986b] discussed the accuracy of refraction coefficients from simultaneous reciprocal zenith observations as a function of the accuracy of all quantities (z 1, z 2 , S, R) appearing in equation (3). The standard deviation σ k of the refraction coefficient essentially depends on the accuracy σ z of the zenith angle measurements while those of the distance between P 1 and P 2 and the Earth's radius R are negligible in practice. Assuming equal standard deviations σ z for the vertical angles z 1 and z 2 , then the application of the propagation law of variances yields: Figure 2 shows the standard deviation σ k of the refraction coefficient as a function of typical accuracy classes σ z of total stations (1", 2", 3" and 5") and different distances S between the observation points P 1 and P 2. An inverse relation between the accuracy σ k and the distance S is visible, i.e. the larger the spacing between the endpoints, the more accurate is the determination of k [cf. Ramsayer, 1979] . For example, in order to attain an accuracy level σ k of 0.2 for the refraction coefficient, the endpoints should be at least 700 m apart when a 1 mgon (approximately 3") total station is being used. A discussion of the accuracy level of the practical refraction coefficient measurements is given in section 6.
Instrumentation
For the practical field experiments, TCRP 1201(plus) total stations by Leica Geosystems and the Daedalus measuring system by ETH Zurich were used. In the following, both systems are briefly characterized with focus on the different techniques used for automatic angle observations (automatic recognition and measurement of the target points).
Leica TCRP 1201
The TCRP 1201 total station (Figure 3 , left) is motorized and has Leica automatic target recognition (ATR) technology [e.g., Haag et al., 1997; Zeiske, 1999] . The accuracy of the TCRP 1201 vertical angle measurements taken in two telescope positions (face left and face right) is specified to be 1" (0.3 mgon).
Leica ATR utilizes a focused laser beam (infra-red) which is emitted through the telescope of the total station. The laser beam is reflected back by the retro-reflector and then imaged onto a charge-coupled device (CCD) sensor inside the total station. The position of the back-reflected laser beam on the CCD, determined by the centre-of-mass algorithm [e.g., Auer and van Altena, 1978] , is a measure for the direction differences of the target with respect to the optical axis of the total station (see, e.g., Haag et al., [1997] , Kirschner and Stempfhuber [2008] , and Wasmeier [2009] for more details). Together with the motorization, the built-in ATR modules enable the automated acquisition of time series of vertical angle data. A main benefit of ATR is a more constant measurement precision over the day and more consistent results [Haag et al., 1997] . A drawback, however, is that the ATR zero offset (i.e., the angle between the telescope axis and the ATR axis) does not cancel out in two telescope positions [e.g., Leica, 2003] . Therefore, the use of ATR requires thorough calibration.
The calibration of ATR is based on manual pointings to the retro-reflector, which are being compared against those of the ATR module. The angular differences obtained in the horizontal and the vertical direction represent the ATR calibration parameters, subsequently applied as corrections to each angle reading [e.g., Wasmeier, 2009] . Any residual errors of the calibration parameters (e.g., random errors inherent in the calibration parameters or variation of the calibration parameters with time or temperature) cause a deviation with respect to the "true", albeit unknown values of the calibration parameters. Any deviation therefore reduces the angle accuracy in a systematic manner (see section 6). This is of particular relevance for high-precision vertical angle measurements in refraction determination.
In order to perform angle observations simultaneously and reciprocally, stable base plates were attached to the tripod, so as to accommodate both the total station and the retro-reflector (corner cube) being the target point (see Figure 3 left). The small vertical height offset between the centre of the reflector and the horizontal axis of the total station can be accurately (0.5 mm standard deviation) determined using a precision level and applied as an angular correction [Hirt et al., 2008] . For the steering of the total stations (execution of measurements at equidistant epochs and data storage), laptop computers were used with control software developed at HafenCity University (HCU) Hamburg. The synchronization of the reciprocal measurements was achieved using the internal laptop clocks, which were compared and adjusted before, and, in order to reduce the impact of clock drifting, occasionally during the measurements. The estimated precision of synchronization is 1-2 s.
Daedalus
The Daedalus measuring system (Figure 3 , right) has been developed at ETH Zürich . It was originally designed for automatic low-cost astrogeodetic measurements, but it is also applicable for reciprocal zenith angle measurements. The system consists of two Leica TCA1800 total stations [e.g., Haag et al., 1997] , where each ocular is replaced by a triggerable CCD camera. A slightly divergent lens is placed in front of the objective in order to translate back the image plane, created by the optical system of the total station, in the plane of the CCD chip. The chip size is 1024x768 pixels. With a pixel size of 4.65 micrometer, the pixel resolution is 4 arc seconds and the field of view is 1.1° x 0.8°. For terrestrial observations, usually well-defined illuminated targets (lamp, diodes) are used.
The correspondence between angles and pixels extracted from the CCD is obtained from a modified affine transformation. The six parameters of the transformation are determined by an in-situ automatic calibration procedure (without human intervention) by measurements of a well defined and extractible object, measured in different directions. The automatic measurement of target points can be done with two different methods. The first method is based on the recognition of a pre-defined template (cross-correlation, cf. Lewis [1995] and leastsquares template matching, cf. Berger [1998] ). The second method measures spot-shaped objects by a centre-ofmass determination [e.g., Auer and van Altena, 1978] . Both methods are capable of measuring the target with an accuracy of better than 0.1 pixels or 0.4 arc seconds, respectively.
For simultaneous reciprocal observations, sightings are made directly on the line of sight of the second total station (Leica TCA 1800). This is achieved by means of a ring of four light emitting diodes (LEDs), symmetrically placed around both objectives (cf. Figure 3, right) . With the target centred to the lens, the vertical height offset (between target and horizontal axis of the total station) is zero for horizontal sightings. The centreof-mass method is used in order to perform observations free of any systematic errors, e.g., due to template definition. The timing is realized with a GPS (Global Positioning System) receiver [e.g., Seeber 2003] integrated in the Daedalus system. The exposure time of the CCD target images may vary between 1 and 30 ms. Depending on the light conditions, the exposure time is chosen in such a way that yields the best signal-to-noise ratio (i.e., a dark background and a bright target picture on the CCD).
There are some advantages of the Daedalus automatic targeting over the Leica ATR technique. First, the Daedalus automatic targeting system is passive as it does not use a laser. Therefore, as opposed to the standard Leica ATR, no light is emitted and back-reflected by a corner cube, which may be a further source of possible errors. Second, the distance between the stations can be increased significantly up to several tens of kilometres using bright targets. Third, the Daedalus calibration of the CCD is more rigorous than the standard Leica ATR due to the higher-order calibration model applied. Other than Daedalus automatic targeting, the calibration process of the Leica ATR is operator-dependent and only provides estimates of the offsets for the horizontal and for the vertical component, respectively, while a scale factor or rotations cannot be taken into account. Fourth, Daedalus two face measurements eliminate residual systematic errors of the automatic targeting.
Field experiments
We selected a grassland area near Großmoor/Seevetal, south of Hamburg, as the site of our field experiments. The test area is completely even and level, allowing us to meet the requirements for the application of equation (3), namely a uniform type of terrain. Further to this, the selected site is large enough to realize long distances of several 100 m between the stations which is required for precise determination of refraction effects (cf. section 3.2 and Figure 2 ).
Over five days in August and September 2008, we used two pairs of total stations in parallel operation for simultaneous reciprocal vertical angle measurements (Table 1 ). The TCRP1201 total stations of each pair were set up with a spacing of about 800 m and a parallel displacement of about 12 m between the lines (cf. Figure 4) . The first parameter was chosen to stay within the working range of ATR (specified to 1000 m). The latter value was chosen so as to avoid interferences of the automatic target recognition of adjacent total stations. Such a controlled field experiment yields two refraction coefficient values per measuring epoch. The ground clearance of the two lines of sight was approximately 1.8 m which we consider to be representative for many optical geodetic measurements near the ground. Subsequently, we denote instruments and results of the northern line of sight with A and those of the southern line with B (Figure 4 ).
It was decided to measure the vertical angles always in two telescope positions (dual face observations) in order to reduce the impact of instrumental zero offset variations (with time, e.g., originating from temperature changes) on our measurements. These include a.) the zero offset of the vertical circle (vertical index offset), and,
b.) the zero offset of the tilt sensors (compensator index offset).
See, e.g., Kahmen and Faig [1988] , and Schofield and Breach [2007] for more details on instrumental zero offset errors.
With the described TCRP 1201 equipment and chosen set-up, synchronized reciprocal measurements could be reliably performed at sampling rates of 1 min (30 s per face). Test measurements using higher sampling rates (e.g. 10 s or 15 s per face), exhibited numerous data gaps under unfavourable conditions (i.e., strong scintillation during sunny weather), requiring more time to accomplish the automatic targeting. Always four simultaneously observed zenith angles are required to compute the difference between pairs of refraction coefficients. As already one single missing registration prevents such a computation, the reliable availability of data was given priority over a higher sampling rate. Therefore, a sampling rate of 1 min (30 s per face) was used in our field experiments. Table 1 gives an overview about the data sets collected with the four TCRP1201 total stations over five days. The data sets cover different weather conditions (two mostly sunny and three cloudy days) and a total of about 2000 epochs (33 h net observation time). The majority of the vertical angle measurements was performed in two hour sessions, interrupted for calibration of the ATR zero offset (section 4) of the instruments.
On the 09.09.2008, unique parallel observations of the refraction coefficient along three lines of sight with a total of six tachymeters were performed. Together with the two TCRP 1201 tachymeter pairs, the ETH Zurich Daedalus measurement system (section 4.2) collected about 4 hours of vertical angle readings at sampling frequencies of 20 s (10 s per face). The arrangement of the measurement systems on 09.09.2008 is depicted in Figure 4 . The bottom line of Table 1 shows the characteristics of the Daedalus measurements.
Results and discussion
All TCRP1201 vertical angles were centred to the horizontal axis of the opposite tachymeter using measurements of the vertical offset between the centre of the reflector and the horizontal axis of the total station. For the Daedalus observations, such a reduction was not required (section 4.2).
The vertical angle measurements of each line of sight (A and B) were then used for the computation of refraction coefficients k [equation (3)]. The resulting time series of the refraction coefficient k -as obtained from tachymeter pairs A and B -are depicted in Figure 5a -e while Figure 5f shows the results for a selected time window of 6 hours on 09.09.2008 (sunny day). The bottom part of each panel shows the differences ∆k between the parallel observations at same epochs. For better interpretation of the results, a second axis was added to each plot, indicating the vertical temperature gradient ∂T/∂z. The temperature gradients are computed based on equation (2) assuming that the gradient is representative along the line of sight. The k-values are plotted as a function of the time CEST (Central European Summer Time).
TCRP1201 results
The comparison of the time series of the refraction coefficient k ( Figure 5 ) indicates a good agreement between lines of sight A and B. It is seen that the short-term (5-60 min) variations and those at scales of some hours were similarly captured by the two pairs of TCRP1201 measurement systems. This is a confirmation of very similar atmospheric conditions, and, hence, similar refraction influences along the two lines of sight, as assumed prior to the field observations. Measurement noise, e.g. due to scintillation, is visible at very short time scales below 5 min (cf. Figure 5 ).
For a mostly sunny day (09.09.08), Figure 5 For a predominantly cloudy summer day (03.09.08), Figure 5d shows refraction coefficient values ranging between -2 (noon and early afternoon) and about +1 in the evening hours. Variations of the refraction coefficient are found to occur on time scales from hours to several minutes, e.g., δk of +1.5 between 12.00 h and 13.00h, δk of +2 between 14.00 h and 14.15 h and δk of -1 between 14.15 h and 14.20. Strong variations of k are observed on 09.09.08 (mostly sunny day) with k values between 0 and -3.5 (10.00h and 17.00h) and steadily increasing to values as large as +13 in the evening hours (Figure 5e ). Such an extreme value of k equates to a radius of the line-of-sight r as small as 490 km with the path of light bended with Earth's curvature.
The behaviour of the indirectly observed temperature gradients on the sunny days 30.08. and 09.09.08 conforms to the thermal processes of the lower atmosphere, as described in Sect. 2.3. During the day, temperature gradients of -0.1 K/m to -0.5 K/m reflect the warming up of the lowest atmospheric layers over heated ground.
In the evening hours, the situation reverses with temperature gradients as high as 1-2 K/m caused by the warmer air strata laying over a cooler surface [cf. Kukkamäki, 1979] . As seen from Figure 5 , cloud cover clearly attenuates these processes. Figure 6 shows the refraction coefficient k, as observed with the three pairs of tachymeters TCRP 1201 A, TCRP 1201 B and Daedalus between 16.30 h and 21.00 h on 09.09.08 (cf. Figure 4 for the arrangement of instruments along the three lines of sight). The illustration reveals a good agreement among the three sets of parallel observations. Features occurring at times scales of 5 min to hours are similarly contained in the different data sets. The noise level is found to be low during the day (standard deviations (STD) from differences TCRP ADaedalus and TCRP B -Daedalus of about 0.3), while increasing in the evening hours to a level as large as 0.6 (cf. Table 2 ). A reasonable explanation for this behaviour is derived from the fact that the strength of atmospheric turbulence is closely related to the vertical temperature gradient and, hence, to the refraction coefficient [cf. Brunner, 1979; 1982] .
Comparison of TCRP1201 and Daedalus results
Though the results from this simultaneous refraction experiment along three similar lines of sight are based on the same methodology (vertical angle measurements), the instrumentation is different and operated independently from each other. The most important difference is the different technology used for the targeting (electro-optical infra-red ATR with Leica TCRP 1201 and optical target recognition with Daedalus, as described in section 4). Therefore, we consider the reasonable mutual agreement of the refraction coefficient time series as evidence of the correctness of our results.
It is acknowledged that the different wavelength ranges used by our instrumentation result in differences in the refraction angles and refraction coefficients due to dispersion. According to Böckem [2001, p. 28] , refraction angles differ by about 1/42 (or 2.4 %) for two monochromatic light sources with wavelengths of 430 nm (blue) and 860 nm (near infrared), respectively. With the instrumentation used here (Leica ATR: monochromatic infrared light and Daedalus: polychromatic visible light, giving a mixed dispersion effect), dispersion does not play a significant role in our comparisons.
Summary of refraction behaviour
The main result of our study, the refraction coefficient curves for all observation days are shown in Figure 7 . The comparison among days with similar weather conditions reveals comparable characteristics at time scales of a few hours. For example, the refraction coefficients on 30.08.08 and 09.09.08 (mostly sunny days) are strongly negative during the day (mostly between -1 and -3). Around 2.5 hours before sunset, refraction continuously increases to the positive range with peaks of about +12 to +16 equally present in the data around sunset (sunset was on 09.09.08: 19:50 h and 30.08.08: 20:15 h). This equates to large positive temperature gradients of up to +2 K/m. The refraction coefficients on cloudy days generally exhibit smaller variations. Over the day, variations of k mostly between 0 and -2 can be observed while positive values are seen in the evening hours. The lowest variations in k are observed for a rainy observation day (27.08) with oscillations mostly in the order of ±0.5.
Despite the coarse agreement of refraction under similar weather conditions, the detailed features unsurprisingly do not compare. For example, the comparison of the short-term oscillations of k reveals rather small amplitudes of 0.25-0.5 (30.08.08) while larger amplitudes of 1.5 are found on the 09.09.08. Apparently, differences in weather conditions (such as varying wind strength or cloud thickness) influence the vertical temperature gradient and, in turn, the refraction coefficient.
Accuracy aspects -ATR
Despite the overall good agreement among simultaneously observed refraction coefficients in terms of fluctuations and variation range, the detailed inspection of the residuals (bottom part of the six panels in Figure  5 ) shows the presence of systematic influences on the k-values -instead of randomly scattered differences centred to the zero axis. This is particularly visible from the data acquired on 27.08.08, 30.08.08 as well as 03.09.08 with the systematic displacements of the k-differences from the zero axis ranging between 0.2 and about 0.4. The analysis of the residuals shows nearly constant displacements between the k-values of the two hour sessions with jumps appearing between subsequent sessions. This strongly suggests that the ATR is a possible culprit. Atmospheric influences can be excluded because abrupt jump-like effects are not to be expected, e.g., due to changes in refractivity along adjacent lines of sights.
Between the sessions, the ATR of each of the four TCRP1201 tachymeters was calibrated with meticulous efforts (6-10 exact manual pointings to the retro-reflector). This was done in order to minimize the impact of any changes of the ATR zero offset on the vertical angle measurements over the day (cf. section 4). Both the presence of micro-seismical influences (due to road and railway traffic near our test area) and wind-induced vibrations of the tripods and tachymeters are possible sources of error that might have affected the accuracy of the ATR calibration. Any deviation of the calibrated ATR vertical offset from its true value (i.e., the exact angular difference between the optical and ATR axis) biases the vertical angle readings and causes the vertical angles from dual face observations to be either systematically too large or small. The different displacements between the k-determinations from both lines of sight reflect the accumulation of any errors in the ATR vertical offset calibration of the four TCRP 1201 tachymeters.
In order to relate the observed displacement of the k-differences to the vertical angle measurements, it is derived from equation (3) that a vertical angle bias of 1" equates to a bias in k of 0.038. Consequently, a displacement of the k-residuals of about 0.4 equates to an accumulated bias of the vertical angle measurements of about 10" (= 3 mgon). In another project (trigonometric height transfer from simultaneous reciprocal measurements across the Elbe river in Hamburg, results unpublished) using the same equipment and same methodology, we observed quite similar ATR calibration influences on our results. This provides some evidence to assess the ATR calibration as a weak link in the refraction experiments. It should be noted that changes in k (and therefore conclusions on the fluctuations) remain unaffected. A further detailed investigation of the ATR calibration, e.g. in terms of stability and accuracy, under different environmental conditions is beyond the scope of the present study and remains as a future task.
Accuracy aspects -angular measurement precision
An appropriate measure to describe the precision of vertical angle measurements is their empirical standard deviation, computed from the variations of the vertical index offset. This measure includes instrumental errors in the vertical angle measurement such as the electronic vertical circle reading, the tilt correction as well as atmospheric turbulences causing apparent short-periodic movements of the target (aka scintillation or image dancing). From the variations of the vertical index offsets of the four TCRP instruments over the day, the empirical standard deviation of the vertical angles is found to vary between 1.3"-2.8" on cloudy days and 3.4-3.8" on sunny days. The larger values on sunny days are due to increased atmospheric turbulence [cf. Brunner, 1982] , acting as an additional source of uncertainty in the vertical angle measurements. In comparison to the instrumental accuracy specification of 1", these figures clearly demonstrate that atmospheric influences place limitations on the precision of vertical angle measurements [cf. Brunner, 1979] . Taking into account the empirical standard deviations of the vertical angles, variance propagation (equation 2) yields standard deviations of k of 0.08-0.15 on cloudy days and 0.19-0.21 for sunny days.
Analysing the differences between the k-values of lines of sight A and B represents an alternative way to determine the precision of the refraction coefficient. Table 3 reports the descriptive statistics of the k-differences for our five observation days. The root mean square (RMS) values reflect the uncertainties of both kmeasurements while the standard deviation (STD = RMS/ 2 ) of the single values indicates the random errors of a single k-observation. It is seen that the STD values range between 0.22 and 0.50, so exceeding their precalculated estimates from equation (2). In order to remove any impact of the ATR calibration on the descriptive statistics, the mean value of the residuals ∆k has been subtracted for each session separately (bias fit). From the de-biased statistics (Table 4) , the STD values are found to have a range between 0.12 and 0.16 on cloudy days and to be about 0.3 for sunny days.
Taking into account that refraction influences (and hence the refraction coefficients to be expected) are similar, but not exactly the same along both lines of sights, and accounting for small synchronization errors, then the agreement among the STD values and pre-calculated estimates from equation 2 is fairly acceptable. The level of precision (not accuracy) achieved in practise varies between 0.1 and 0.3, which is sufficient for the purpose of our study.
Conclusions
This study investigated the fluctuation (short-term variations and variation range) of the refraction coefficient k based on simultaneous reciprocal vertical angle measurements. Over a total of five days, a controlled set-up of two pairs of Leica TCRP 1201 tachymeter was used in parallel operation for vertical angle measurements. A third pair of tachymeters (Daedalus system based on Leica TCA 1800 tachymeters) was used along with the TCRP 1201 instruments for simultaneous k-measurements along three densely spaced lines of sight.
Our refraction experiments, carried out across homogeneously vegetated grassland with a ground clearance of about 1.8 m (i.e., an often used working height in surveying), showed a range of k between -4 and +16 for sunny summer days. Expressed in terms of vertical temperature gradients, this corresponds to variations of -0.5 K/m to -0.1 K/m during the day and values as large as 1-2 K/m shortly after sunset. Cloud cover reduces the variability of k to a range of -2 to +5. Our results corroborate that the Gaussian refraction value of +0.13 is not suited for describing refraction effects in the lower atmosphere.
On the one hand, we consider our results to be a clear confirmation of results obtained in previous studies under similar conditions by Hübner [1977] and Hennes [2006] . On the other hand, our empirical results show that the refraction coefficient k may reach magnitudes as large as +12 to +16 over grassland at 1.8 m. This clearly exceeds previously published 'extreme values' (e.g., maximum values of k = +6 at 1.5 m height over grassland, cf. Hübner [1977] ). We acknowledge that surface types like ice or water may even produce larger refraction effects, as described in section 2.
Probably for the first time, near-ground fluctuations of the refraction coefficient k over grassland at time scales of some minutes to 1 hour were investigated. For mostly sunny days, we found wave-like and saw-tooth-like fluctuations of the refraction coefficient with amplitudes of 1-1.5 at time scales of 10-30 min. On cloudy days, the amplitudes of fluctuations were on the order of 0.5, occurring at similar time scales.
The experiment using a unique controlled set-up of four and six tachymeters provided several benefits. On the one hand, they mutually confirmed the findings of our refraction experiment and helped to realistically assess the precision of our k-determinations. On the other hand, they revealed that the TCRP 1201 vertical angle measurements are subject to residual systematic errors which very likely come from the residual errors of the ATR calibration. The ATR calibration needs to be further investigated. An open question is, e.g., how environmental conditions (seismical influences, wind) impact on the accuracy of the ATR calibration parameters. It should be noted that the analysis of changes of k is unaffected by ATR uncertainties. The results obtained using the Daedalus measuring system by ETH Zurich are considered not to be biased by calibration errors. This is because of Daedalus residual errors of the calibration cancel out in dual face observations, as opposed to those carried out with the TCRP 1201 instruments.
Our refraction experiment was designed to replicate conditions which are frequently found in geodetic practice, i.e., a.) lines of sight passing through the lower atmosphere with a ground clearance of 1.8 m, b.) grassland as a surface vegetation, c.) moderate climate conditions (20-25°C during sunshine, 14-20° under cloud cover). Interestingly, many textbooks [e.g., Kahmen and Faig, 1988; Torge, 2001; Kahmen, 2006; Witte and Schmidt, 2006] do not specify the wide range which the refraction coefficient k may vary by under such conditions. Instead, values which are too small are quoted or vague statements are made, leaving open the variation range of k near the ground. An exemption is Schofield and Breach [2007] , acknowledging variations of k "from -2.3 to 3.5 with value over ice as high as +14.9", which is a step into the right direction. However, a realistic quantification of the variation range of the refraction coefficient k in the lower atmosphere would be useful to the practitioner. It would help to better assess the role of refraction and its variability near the ground under realistic conditions, in particular on days with strong refractivity such as sunny days.
The present study makes a beginning in investigating the short-term fluctuation of the refraction coefficient k by means of reciprocal vertical angle measurements using automated instrumentation. As further future work, the fluctuations of k could be analysed in the course of the seasons, e.g. observations during summer and winter time, supplemented by an analysis of how geodetic measurements are affected. Further to this, future work could involve simultaneous refraction measurements using different instruments and applying different methods, such as vertical angle measurements along with precision temperature gradient measurements [e.g. Hennes, 2006] and scintillometry [e.g., Flach, 2001] . This would provide an independent and mutual check on the experiments.
As a further extension of the refraction experiments, meteorological data such as wind speed, wind direction and cloud cover could be automatically acquired with suited meteorological sensors. Importantly, precise cloud cover observations could be related to the variability of the refraction coefficient and the response time of the refraction coefficient could be investigated. The simultaneous sampling of refraction and meteorological data would then allow analyses of the high-frequent fluctuations and deterministic variations of refraction. This would contribute to a better understanding of high-frequent refraction effects in the lower atmosphere. 
